Abstract. Two cell types of the same clone of Phaeocystis globosa, solitary non-flagellate cells and flagellates, were grown in batch cultures under identical conditions. The non-flagellate cells had a shorter lag phase (1.4 versus 2.8 days) and a higher growth rate (0.72 versus 0.65 day -1 ) than flagellate cells. The flagellates had a longer stationary phase (15.6 versus 9.5 days) and a lower death rate (0.07 versus 0.52 day -1 ) than non-flagellate cells. All differences were statistically significant. Biomass yield did not differ between the two cell types. The short lag phase and high growth rate of nonflagellate cells corresponds to field observations of rapidly developing non-flagellate Phaeocystis blooms that are typically observed in nutrient-rich environments such as temperate seas in spring. The flagellate cell type, with its longer stationary phase and lower death rate than non-flagellate cells, is better equipped for survival in oligotrophic environments. This explains why the flagellates of Phaeocystis are abundant after the spring phytoplankton bloom in temperate seas and in other nutrient-poor environments such as the open ocean.
Introduction
Phaeocystis is a well studied, globally distributed prymnesiophyte. It has a life cycle consisting of flagellate and non-flagellate cells. The non-flagellate cell type of Phaeocystis is usually described as a spherical or lobed colony (Pouchet, 1892; Scherffel, 1900; Kornmann, 1955) . Such a colony starts after one cell begins to divide inside a mucous envelope (Cariou et al., 1994) . In the sea, blooms of colonial non-flagellate Phaeocystis cells develop rapidly in nutrient-rich environments (Kashkin, 1963; Margalef, 1978; Davidson and Marchant, 1992; Peperzak, 1993) . In contrast, the Phaeocystis flagellate is commonly observed as a solitary cell which, besides two flagella, possesses a haptonema (Scherffel, 1900; Kornmann, 1955; Parke et al., 1971) . Phaeocystis is observed in the form of flagellates in the oligotrophic ocean (Moestrup, 1979; Booth et al., 1982; Hallegraeff, 1983; Estep et al., 1984; Hoepffner and Haas, 1990 ) and when nutrients have been depleted after the spring bloom in temperate seas (Veldhuis et al., 1986; Van Boekel et al., 1992; Peperzak et al., 1998) . Nutrient depletion has different effects on the colonial blooms of Phaeocystis in the North Sea in spring. The non-flagellate cells can lyse (Van Boekel et al., 1992; Brussaard et al., 1995 Brussaard et al., , 1996 , they can be grazed (Admiraal and Venekamp, 1986; Weisse and Scheffel-Möser, 1990; Peperzak et al. 1998 ) and thirdly, flagellates can be formed (Veldhuis et al., 1986; Van Boekel et al., 1992; Peperzak et al. 1998) .
As Phaeocystis blooms have a large ecological impact on ecosystems (Lancelot and Rousseau, 1994) , a comparison of the growth characteristics, e.g. growth and death rate, of the non-flagellate cell and the flagellate could help to explain the differences observed in their temporal and geographical distribution. So far, however, such a comparison has not been made. When, during experiments, flagellates were observed their growth rates were not measured (Kayser, 1970; Tande and Båmsted, 1987; Verity et al., 1988; Rousseau et al., 1990; Vaulot et al., 1994) or Phaeocystis growth rates were calculated from total (flagellates + nonflagellate) cell counts (Guillard and Hellebust, 1971; Jahnke and Baumann, 1987) . Verity et al. compared photosynthetic rates of Phaeocystis colonies and solitary cells . However, the size range (3-10 µm) of the solitary cells [ (Verity et al., 1991), p. 122] implies that here, too, both flagellate and nonflagellate cells were present (P.G.Verity, personal communication). Buma et al. measured growth rates of flagellates and non-flagellate cells of an Antarctic Phaeocystis under identical conditions, but the number of measurements (n = 3) was too small to draw any significant conclusion (Buma et al., 1991) . Riegman et al. were the first to show the effect of nutrient limitation on the appearance of the Phaeocystis cell types . However, the different kinds of nutrient limitation, and the fact that the growth rates were provided in relative units , hinders direct growth rate comparisons between the two cell types. The statement of Baumann et al. (Baumann et al., 1994) that the growth rate of motile free-living cells of Phaeocystis is the same as that of nonmotile colonial cells is incorrect because in the reference cited [ (Lancelot et al., 1991) , p. 73], a comparison was made between growth rates of solitary and colonial cells, both non-motile (C. Lancelot, personal communication) . Finally, Phaeocystis death rates have not been measured at all.
During the routine maintenance of cultures of non-flagellate cells and flagellates of Phaeocystis globosa, the non-flagellate cells appeared to have a higher growth and death rate than the flagellates. In order to calculate these apparent differences, the culture biomass data were subjected to a statistical analysis. The growth curve variables, lag time, growth rate, biomass yield, duration of the stationary phase and death rate (Fogg, 1975) of the two cell types were measured and compared. The general null hypothesis tested was that there are no differences in the growth curve variables between the flagellates and the non-flagellate cells of P.globosa.
Method

Seawater and culture medium
Phaeocystis globosa was cultured routinely in seawater batches that had been collected near Jacobahaven (51°36ЈN, 3°43ЈE) in the Oosterschelde (North Sea). In order to obtain sufficient data for statistical analysis, culture results of Phaeocystis grown in April, July, October (1995) and January (1996) batches of seawater were used. Each batch (20 l) had been filtered directly (<1 µm) and stored in the dark at 4°C. Mean salinity was 30.5 (CV = 3%), and macronutrient concentrations ranged from 19-42 µM DIN and 0.6-1.3 µM DIP after collection. Before the start of an experiment, 1 l aliquots were autoclaved (120°C, 20 min) in glass bottles. After cooling, three stock solutions were added aseptically: nutrients (100 µmol NO 3 -, 6.3 µmol PO 4 3-), trace metals (10 µmol Fe, 1 µmol Mn, 0.1 µmol Zn, 0.1 µmol Mo, 0.1 µmol Co, 0.01 µmol Cu) and vitamins [1 nmol B1, 1 nmol B12, 1 nmol biotin (H)]. As Si was omitted, this culture medium is referred to as PEP-Si. PEP-Si medium has been successfully used for years for culturing different species of Cryptophyta, Cyanophyta, Dinophyta, Haptophyta and Chlorophyta (L.Peperzak, unpublished data). All culture glassware was soaked for 1 day in detergent (0.1% Decon) followed by 1% HCl (1 day), then rinsed with demineralized water.
Cultures
Two cell types of P.globosa clone Ph91 (Peperzak, 1993) Cultures were swirled three times each week prior to biomass measurements as in vivo fluorescence (F v ) on a Hitachi F2000 spectrofluorometer ( EM = 435 nm, EX = 683 nm). Significant Pearson correlation's were observed between Coulter Counter cell counts ( 10 log cells ml -1 ) and biomass yield ( 10 log F v ) in stationary growth phase for both cell types (non-flagellate cells: r 2 = 0.81, P < 0.001; flagellates: r 2 = 0.77, P < 0.001). It was therefore concluded that in vivo fluorescence was a good measure of Phaeocystis biomass [cf. (Janse et al., 1996) ].
Growth curve model
In order to calculate the five growth curve variables the same way for each culture, a growth curve model was designed based on the logistic growth model (Pielou, 1969) . The logistic model can be used to calculate growth rate and biomass yield in stationary growth phase. However, the logistic model does not take cell death into account. This means that the declining biomass values in the death phase lead to too low biomass yield model estimates ( Figure 1a ). Therefore, the death phase values were omitted, and the other growth curve variables were calculated using the following procedure.
Firstly, all in vivo fluorescence (F v ) measurements were fitted preliminarily to the logistic model (Pielou, 1969) . This first fit resulted in the preliminary, too low, biomass yield: a 0 Ј (Figure 1a ). Secondly, an arbitrary limit of 0.85 was set which defines a data point to be in death phase when: 10 log F v < 10 log(0.85 · 10 a 0 Ј )
(1) In equation (1), a 0 Ј is the preliminary biomass yield. Thirdly, the F v measurements (as 10 log F v ) with the death phase values excluded (equation 1) were again fitted to the logistic model (Pielou, 1969) :
in which a 0 (biomass yield), a 1 and a 2 (exponential rate) are parameters of this model and t is the variable time [days], see Figure 1a . The logistic model [equation (2)] accounted for 99% of the variability of 10 log F v (r 2 = 0.99, mean of all experiments). The parameter a 0 of this second fit was now a satisfactory measure of biomass yield (see Cultures). Fourthly, the growth rate [day -1 ] was calculated from parameter a 2 as:
Finally, the other growth curve characteristics were calculated as follows:
T lag : length of the lag phase [days] , defined as the length of the horizontal line from (t = 0; 10 log F 0 ) to its intersection with the line with slope µ through (t = t µmax ; 10 log F t ) with t µmax calculated from day to day with equation 2, T stat : length of the stationary phase, defined as the time [days] that:
death rate or rate of biomass decline [day -1 ] from the difference in 10 log F v between the last time point (t s ) in stationary phase ( 10 log F s ) and the first (t d ) in death phase ( 10 log F d ):
The application of equations (2), (3), (4) and (5), and examples of growth curves of non-flagellate cells and flagellates with their calculated variables, are shown in Figure 1 .
Statistical calculations
In each seawater batch (n = 4), three successive cultures (n = 3) of each cell type (n = 2) were grown. As one flagellate culture had shown inexplicably poor growth, its growth curve variables were not used. Therefore, the total number of growth curves used was 23.
Each growth curve yielded one set of five growth curve variables that were related to each other. To preserve this relation a Multivariate Analysis of Variance (MANOVA) was applied on all data simultaneously (Seber, 1984) . In the MANOVA, the effects of two factors (seawater batch and cell type) on the growth curve variables (T lag , µ, a 0 , T stat and d) were tested. Seawater batch was the first factor because the cultures were grown in four seasonally different batches of seawater. Therefore, an effect of seawater batch on the growth curve variables could not be disregarded a priori. The second factor in the MANOVA was Phaeocystis cell type. For each of the two factors, and their interaction, the multivariate test statistic Wilks' ⌳ (Seber, 1984) and its level of significance were calculated in SYSTAT (Wilkinson, 1990) . The interaction of seawater batch and cell type was investigated first because, if significant, one or more of the growth curve variables would be dependant on both these factors and this would hamper the investigation of each factor separately. If, for a given factor, Wilks' ⌳ is not significant (P > 0.05), the null hypothesis ('this factor has no effect') cannot be rejected. If, on the other hand, Wilks' ⌳ is significant, the mean, the 95% confidence interval and the significance of the differences can be calculated for each of the growth curve variables (Johnson and Wichern, 1998) . In this way, the growth curve variable(s) that contribute(s) to the rejection of the null hypothesis can be analysed.
A prerequisite for performing a MANOVA is a normal distribution of, and homogeneity of variances of the growth curve variables. As death rate showed heterogeneous variance, this variable was log-transformed.
Cell viability
In a separate experiment, the viability of non-flagellate and flagellate cells during batch culture growth was tested. Viability, defined as the length of T lag , was measured after transferring 0.5 ml of the parent cultures (one of each cell type), at different points of time in their growth curve, into 75 ml fresh PEP-Si medium. In all cultures, growth was followed by measuring in vivo fluorescence as described earlier. The parent cultures were inspected regularly on an inverted microscope. Death was assumed when no growth had occurred after 20 days.
Results
Statistical analysis of all data combined resulted in a weakly significant multivariate test statistic Wilks' ⌳ for the interaction of cell type and seawater batch (P < 0.05, Table I ). Wilks' ⌳ was not significant for the first factor, seawater batch (Table I ). This means that there was no overall effect of seawater sampling time (season) on the five growth curve variables. For the second factor tested, cell type, Wilks' ⌳ was significant (P < 0.005, Table I ). This indicates that when simultaneously tested, all five growth curve variables were different between nonflagellate cells and flagellates. The main contributing factors for the significant difference between nonflagellate cells and flagellates were T lag , µ, T stat en log(d) ( Table II) . The flagellates had a longer lag phase (200%) and a lower growth rate (90%) than the non-flagellate cells. Both types achieved a similar biomass yield (Table II) . In cultures of non-flagellate cells, rapid discoloration and cell death had been observed (e.g. Figure 1b ). This macroscopic difference with flagellate cultures was confirmed statistically; flagellates had a longer stationary phase (164%) and a lower death rate (13%) than the non-flagellate cells (Table II ). All differences between the non-flagellates and the flagellates were significant at the 95% confidence level (Table II) .
Cell viability
In this separate experiment, new cultures of non-flagellate cells had short lag phases (mean <2 days) when the parent culture was less than 2 weeks old ( Figure  2) . In other words, viability was still high. However, after 3 weeks the number of non-flagellate cells observed microscopically declined rapidly, as did in vivo fluorescence (e.g. Figure 1b) . Within 4 weeks, T lag exceeded 20 days (Figure 2) , and the non-flagellate parent culture was considered dead.
On the other hand, in flagellate cultures motile and presumably viable cells could still be observed with the microscope after more than 50 days. Until day 58, the number of viable cells was apparently ≥2 ml -1 , although T lag had increased to 2 weeks (Figure 2 ). Finally, after 2 months the flagellate parent culture was dead.
Discussion
The effect of cell type on the growth characteristics of Phaeocystis was very significant (Table I) . Four growth curve variables, the duration of lag time (T lag ), growth rate (µ), duration of stationary phase (T stat ) and death rate, were significantly different between non-flagellate cells and flagellates (Table II) . As both Table II . Means of five growth curve values: lag phase (T lag ), growth rate (µ), maximum biomass (a 0 ), duration of stationary phase (T stat ) and the death rate (d) of the two cell types of Phaeocystis globosa: flagellates and non-flagellate cells. The means include data from all seawater batches because this factor had no significant effect on the growth curve values (see Table I ). Calculated also is the 95% confidence interval (c.i.) of the differences between the two cell types Phaeocystis cell types were cultured in parallel in similar media, the biomass yield achieved did not differ (Table II) .
In the MANOVA, the interaction of cell type and seawater batch was weakly significant. Examination of the data revealed that this was due to one growth curve variable (T stat ) of the non-flagellate cultures in the April seawater batch. In this April batch, the cultures of non-flagellate cells had, in contrast to the other batches, a higher T stat than the flagellates. Presumably the flagellates in the April culture of non-flagellate cells (see Method) had contributed to an extended T stat. Furthermore, univariate analysis revealed that the non-flagellate T stat differences between the batches were not significant. Therefore, it was concluded that there was no important interaction effect between seawater batches and cell type.
Lag phase
A lag phase, the time it takes a phytoplankton population to start growing exponentially in fresh culture medium, is usually associated with the time necessary for the cells to take up nutrients and to regain division capability (Fogg, 1975) . In the routine cultures in this study, Phaeocystis flagellates and non-flagellate cells were assumed to be equally deprived at inoculation. Both cell types were simultaneously transferred to fresh culture medium when they were in stationary phase, at the age of 3 weeks. Therefore, differences in T lag between flagellates and non-flagellate cells were not expected. Moreover, the significantly longer T stat of the flagellates (Table II) indicated that they endured stationary phase conditions relatively better, which would imply a shorter T lag than non-flagellate cells. Instead, the flagellates had a significantly longer T lag (Table II) . As this difference in lag times is not related to the time of inoculation, it is presumably due to factors present in the fresh culture medium to which the two Phaeocystis cell types react differently. Alternatively, the motile flagellates may be more sensitive to enclosure in flasks, although such a 'bottle-effect' is not likely in view of the small size of the cells relative to the culture volume. One of the factors negatively influencing the start of phytoplankton growth in fresh medium is the high concentration of nutrients. The diatom Phaeodactylum, has an increased lag phase when it is subcultured in fresh medium with high, rather than low phosphate concentrations (Fogg, 1975) . In Phaeocystis, high (≥2 µmol l -1 ) phosphate concentrations have been found to inhibit colony formation (Veldhuis and Admiraal, 1987; Cariou et al., 1994) . The growth rate of non-flagellate Phaeocystis cells is also significantly reduced by 10 nmol l -1 of vitamin B12 (L.Peperzak unpublished data). Presumably, the growth response to fresh culture medium is cell type specific, e.g. the Phaeocystis flagellates are more sensitive to high concentrations of phosphate.
A second factor influencing growth in fresh medium is the concentration of external glycolate. Addition of glycolate to the culture medium shortens the lag phase of several chlorophyte and diatom species (Fogg, 1975) . In contrast to the flagellates, non-flagellate (colonial) cells of Phaeocystis can excrete large (>30%) amounts of photo-assimilated organic carbon (Veldhuis and Admiraal, 1985) . Possibly, the non-flagellate Phaeocystis cells in the present experiment still excreted some organic compounds that played a role in reducing T lag . Experiments with both Phaeocystis cell types are needed in order to measure this hypothetical effect of excretion differences.
Growth rate
Several physiological differences between the two cell types of Phaeocystis may be responsible for the significant 10% lower growth rate of the flagellates (Table  II) . To begin with, short-term 14 CO 2 uptake measurements revealed that Phaeocystis sp. flagellates have lower photosynthetic rates at 10 W m -2 (the culture irradiance) than non-flagellate cells (L.Peperzak, unpublished data). Secondly, smaller cells have theoretically higher respiration rates. Assuming (i) that both Phaeocystis cell types can be approximated as spheres with a diameter of 4.2 µm (flagellates) and 6.1 µm (non-flagellate cells), (ii) using the model: Respiration (pl O 2 cell -1 h -1 ) = 0.0068 · (cell volume in µm 3 ) 0.88 (Tang and Peters, 1995) , and (iii) normalizing cellular respiration rate to biomass, the flagellates would have a 14% higher respiration rate (4.4 fl O 2 (µm 3 cell volume) -1 h -1 ). Finally, nonflagellate cells in colonies may have higher growth rates because they store energy in the colony matrix. This energy can be used in the dark for prolonged protein synthesis (Lancelot and Mathot, 1985) and subsequent growth. However, in this study the number of cells in colonies was too low (about 5%) to have a significant impact on growth rate. Therefore, both a lower photosynthetic rate and a higher respiration rate of the flagellates contributed to a lower net growth rate compared with the non-flagellate cells.
Stationary growth phase and death rate
The duration of the stationary phase of non-flagellate Phaeocystis cells was short and the death rate was high relative to those of the flagellates (Figure 1 , Table  II ). The difference in death rate was corroborated by the results of the viability experiment. Flagellates remained viable much longer in stationary growth phase (Figure 2) .
The different behaviour in stationary phase has a relationship with the surface:volume (s:v) ratios of the two cell types. Taking 6.1 µm (non-flagellates) and 4.2 µm (flagellates) as cell diameter, the s:v ratios are 1.0 and 1.4 µm -1 , respectively. This 40% higher s:v ratio gives the flagellates a competitive advantage under nutrient-limiting conditions because it theoretically increases nutrient uptake rate and nutrient conversion [cf. (Asksnes and Egge, 1991; Reynolds, 1993) ]. Indeed, in continuous cultures of Phaeocystis that were ammonia-or phosphate-limited, Riegman et al. obtained flagellates only . Differences in phosphate uptake rates between non-flagellate solitary and colonial cells have been measured by Veldhuis et al. (Veldhuis et al., 1991 (Brussaard et al., 1996) ]. The death rate of the flagellates (0.07 day -1 ) is in the range measured for the diatom, Ditylum brightwellii, in axenic cultures under P limitation: 0.067-0.005 day -1 (Brussaard et al., 1997) . A general lack of data on phytoplankton death rates prevents comparisons with other species.
Phaeocystis: life cycle and ecology
The life cycle of Phaeocystis consists of haploid flagellate and diploid nonflagellate cells which both reproduce vegetatively [ , this paper]. Such a haplo-diploid bimorphic life cycle is regarded as an evolutionary adaptation to a seasonally variable environment (Valero et al., 1992) . In addition, heteromorphic generations in algae are related to grazer avoidance (Lubchenco and Cubit, 1980; Slocum, 1980) .
Solitary Phaeocystis cells (flagellate and non-flagellate) are in a size range suitable for grazing by small predators such as protozoans (Admiraal and Venekamp, 1986; Verity, 1991) . Inside their colonies, the diploid non-flagellate Phaeocystis cells are protected against grazing by protozoans, metazoans and bivalves (Admiraal and Venekamp, 1986; Hansen and Van Boekel, 1991; Smaal and Twisk, 1997) . It is therefore likely that grazer avoidance has played an important role in the evolution of the colonial form.
However, colonial growth has drawbacks too. The affinity constant (K s ) of phosphate uptake is much higher for colonial Phaeocystis sp. cells than for solitary cells . In contrast to flagellates, the large Phaeocystis colonies are prone to sedimentation, especially under nutrient stress (Peperzak, 1993) . Under nutrient-limited conditions therefore, colonial cells will be less competitive than solitary cells. Furthermore, the flagellates are better survivors under nutrient stress than solitary non-flagellate cells (Table II, Figure 2 ) and this is reflected in the geographical and temporal distribution of the cell types. Nonflagellate colonial cells are found in spring and in eutrophic waters, in coastal and upwelling regions, and along the polar ice shelf. Flagellates usually occur in summer and in oligotrophic waters such as the open ocean. Therefore, the interaction of bottom-up (nutrients) and top-down (predation) factors did not only determine the evolution of Phaeocystis as a bimorphic genus. The resulting physiological differences between the two cell types also define their present day geographical and temporal distribution.
